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The goal of this research is to determine and study a physical system that will
enable a fast and intrinsically two-photon detector, which would be of interest for
quantum information and metrology applications. We consider two types of two-
photon processes that can be observed using a very faint, but quantum-correlated
biphoton field. These are optical up-conversion and an external photoelectric effect.
We estimate the correlation enhancement factor for the biphoton light compared to
coherent light, report and discuss the preliminary experimental results.
1 Introduction
The term \biphoton" has been suggested by D.N. Klyshko [?] for describing systems of
entangled photon pairs, such as those produced in the Spontaneous Parametric Down
Conversion (SPDC) of light1. In this process, a pump photon is coherently converted into
a pair of entangled photons in a χ(2) medium [?], while the phase and spectral properties
of the pump are transferred to the biphoton [?, ?]. This phase then can be recovered by
a two-photon correlation measurement. In this context, describing this system as \two
photons" is not complete and even may be misleading as it tends to omit the quantum
correlation properties of the photon pair [?,?]; so the term \biphoton" proves to be very
useful.
1In acknowledgment of D. N. Klyshko’s founding role in studies of parametric processes in optics, SPDC
is sometimes referred to as “Klyshko radiation”.
1
A pair of entangled particles that are space-like separated is an excellent system for
testing the concepts of physical locality and reality [?]. Therefore it is not surprising
that SPDC has received great attention as an entanglement source for Bell inequalities
tests. The whole variety of such tests can be generally described as nonlocal biphoton
interference experiments. As a further development, experiments involving higher-order
interference have been carried out, such as the Greenberger-Horne-Zeilinger theorem test [?]
and quantum teleportation [?,?].
Besides purely a fundamental interest, study of the biphoton light has inspired develop-
ment of new information and measurement technologies, such as quantum cryptography [?],
sub-shot noise optical phase measurements [?,?,?], quantum clock synchronization [?,?],
and others. Most recently, the possibility of sub-diraction-limited imaging [?]and lithog-
raphy [?, ?, ?, ?, ?] has been discussed. There is a clear shift of the research in biphoton
optics towards practical applications. It is also clear that the diculties on the path to such
applications are quite severe and have one common root, which is the detection problem.
Consider quantum cryptography, which is generally believed to be the most mature of
quantum optical technologies. It has been shown [?] that the main limitation blocking its
practical implementation is the single-photon detection rate. It is not possible, with the
state-of-art single-photon detectors, to achieve the detection rate that would make useful
wideband quantum crypto-communication channels [?]. Similarly, quantum optical inter-
ferometers are theoretically capable of being noise-limited at the fundamental (Heisenberg)
level 1/ < n >, while the classical shot-noise limit is 1/
p
< n > (< n > being the mean
number of photons per measurement). Therefore the quantum measurement of the phase
has advantage over the classical one only when < n > is large. But for a large photon
flux, any coincidence detection technique will fail because of the nite dead time of photon
counting detectors and coincidence circuit time-windows. Thus again, the detection rate
of photon pairs is the limiting factor here. The situation gets even more complicated for
quantum lithography, where the two-photon detectors are molecules in the resists that are
small and distributed in the media. Here one has to worry not only about the detection
rate, or fast two-photon sensitivity, but also about the transverse correlation properties of
the biphoton light.
Therefore the search for fast two-photon processes that could enable a true two-photon
detector (as opposed to an electronic coincidence circuit), that could be used for study
of strong biphoton elds, becomes one of the most important questions of the applied
quantum optics. So far, no two-photon processes induced by the biphoton eld have been
demonstrated. On the other hand, two-photon processes in strong classical elds, such as
pulsed laser elds, have been studied quite extensively.
The goal of our research is to analyze the possibility of direct two-photon detection
of the biphoton eld and to determine the physical system which is most suitable for this
purpose. In the following sections we will demonstrate the advantage of biphoton light over
coherent light for driving two-photon processes. This advantage will be shown considerable
enough to make up for extremely low power of the biphoton sources such as SPDC. Then,
we will discuss two types of processes that could serve for direct two-photon detection:
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optical up conversion and the photo-electric eect.
2 Biphoton field and coherent field
We will use a conventional concept of a photon detection event [?], which takes place with
a probability P (1) proportional to a constant η (the quantum efficiency of the detector)
and to the probability to have one photon in the mode volume, which is equal to coherence
volume Vc, scaled to the detection volume. In case of free-space propagation, Vc is given
by the product of coherence length and coherence cross section of the light beam. The
detection volume is dened as the detector’s cross section Sd multiplied by the observation
time t and by the speed of light c. E.g., for ordinary coherent laser light with Poissonian
distribution of photons,
P (1) = η(1) < n >
Sd ct
Vc
e−<n> / η(1)I Sd ct, (1)
where I is the intensity and < n >=< aya > is the mean number of photons per mode.
We assume < n > 1, which justies neglecting the exponent in Eq. (1) . Likewise, the
probability to detect a photon pair in a coherently populated mode is:





e−<n> / η(2)I2 Sd ct. (2)
The quantum eciency η in (1) and (2) are labeled with the superscript indicating the
single-photon and two-photon types of detection.
In contrast with uncorrelated coherent light, the biphoton light can be viewed as con-
sisting of correlated photon pairs. One can introduce the correlation volume Vcorr of the
paired photons as a product of the longitudinal two-photon correlation length and the
transverse two-photon correlation cross-section. An example of how these parameters are
dened and treated will be given in the next section. It has been pointed out [?] that
if the two-photon correlation volume is signicantly smaller than the detection volume,
Vcorr < Sd ct, the photon pairs detection probability (2) becomes linear with respect to the
light intensity [?], similarly to (1):





e−<n>/2 / η(2)I Sd ct. (3)
Indeed, equation (3) represents the probability to detect a photon pair, when the pairs
themselves are randomly distributed. The random distribution of pairs is specic for the
SPDC process [?]. This fact is important for the argument concerning the use of SPDC
as an allegedly more secure photon source for quantum cryptography. Both the photon
distribution in an attenuated laser pulse (coherent state) and the pairs distribution in
SPDC have Poissonian statistics and hence are equally likely to compromise security by
accidental duplication of the encoded states.
3
Comparing the two-photon detection probabilities for coherent light, Eq. (2), and for
biphoton light, Eq. (3), one notices that the latter is greater than the former by a factor of
< n >−1 [?]. Let us estimate this factor for the case of SPDC. The biphoton enhancement















We consider a Type-I BBO crystal near collinear degenerate phase matching with the
central wavelength λ0 = 702 nm, in which case S0  10−11 J/cm2. The independent
variations of ω and Ω can be estimated from the tuning curves and spectral linewidth of
SPDC light (see Fig.1): ω  1013 s−1, Ω  0.2 sr. The typical light power we get from
a 5 mm - long Type-I BBO crystal is 50 nW. This SPDC light is generated by the pump
beam that is approximately 200 microns in diameter. Combining these numbers we get
S  10−16J/cm2, which yields the enhancement factor < n >−1 105.
Figure 1: The tuning curves and spectral linewidth for a 5 mm Type-I collinear degenerate
BBO.
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3 Up-conversion of biphoton field
One possible method for two-photon detection is up conversion. This is a nonlinear optical
process that is the time-reverse of SPDC. The frequency-degenerate case of this process,
second harmonic generation, is routinely used in autocorrelators to measure the duration
of very strong and short optical pulses. The large value of the enhancement factor < n >−1
for the biphoton light suggests that the optical up conversion can be seen from such light,
despite a typically very low eciency of this process. It should be possible, using a pair of
similar nonlinear crystals (the rst one for SPDC and the second one for the up conversion)
to detect the up-converted UV photons emitted from the second crystal. An interesting
feature of this system is that the two-photon detection and correlation volumes are equal.
This makes our system simplier for analysis than most of other two-photo detection schemes
where the relation between these two volumes is not obvious, and the key assumption
Vcorr < Sd ct may fail. The photon pairs emitted from a localized source at various angles
can be all brought together with a diraction-limited error and while preserving the phase-
matching conditions (that are equivalent for SPDC and for the up conversion) by an imaging
system with a unity magnication. In Fig.2, such a system is represented by a lens placed
between the two nonlinear crystals at the distance 2f from each.
Figure 2: A conceptual drawing of the experiment on up conversion of biphoton light. o.a.
stands for the optical axes of the nonlinear crystals.
A rough estimate of the expected detection rate of the up-converted UV photons can
be done based on the above-found biphoton enhancement factor and on the experimental
observation that a 1 Watt CW pump focused down to about 200 microns on a BBO crystal
similar to the one we use for up-conversion produces approximately 10 µW of the second
harmonic. Scaling this number quadratically to a 50 nW pump power, we get 2.510−20 W
of the up-converted light, or about 0.3 photons per second. To take the biphoton nature of
our \pump" into account, we multiply this number by the enhancement factor, arriving at
some thirty thousand photons per second. Even with a 1% - ecient photomultiplier tube,
this should produce an easily detectable signal of some 300 counts per second. This number
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gets signicantly lower if a more careful evaluation is carried out, and various mechanisms
of the phase mismatch are taken into account. To perform such an evaluation we need to
understand the transverse correlation properties of a biphoton.
While the longitudinal (temporal) correlation in the biphoton eld has been extensively
studied in both theory and experiment, starting from the pioneering works [?,?], the studies
of its transverse correlation are few. A very broad theoretical description is given in [?];
theoretical analysis along with experimental data is also presented in [?]; study of biphoton
propagation through generic imaging systems is reported in [?,?]. Summarizing the analysis




F (~ks, ~ki)j1i~ksj1i~ki d~ksd~ki, (7)
where the delta-like two-photon amplitude F (~ks, ~ki) which entangles the signal SPDC mode
labeled by its wave vector ~ks with the idler mode ~ki breaks up into a product of its longi-
tudinal and transverse parts:
F (~ks, ~ki) = Fx(ω, θs, θi)Fz(ω, θs, θi). (8)
In Eq. (8), the arguments of the two-photon amplitude F , representing the wave vectors
and frequencies of the signal and idler photons, are rst replaced by the variations of these
values from their central values that satisfy the phase matching conditions
ωp = ωs0(~ks0) + ωi0(~ki0),
~kp = ~ks0 + ~ki0, (9)
so that
ω  ωs(~ks)− ωs0(~ks0) = ωi0(~ki0)− ωi(~ki),
~ks  ~ks − ~ks0, (10)
~ki  ~ki − ~ki0.
Then, the longitudinal (z) and transverse (x) components of the phase mismatch ~ks+~ks
are expressed via ω and the variations of the angles θs,i to result into the expressions
for the Fx and Fz in Eq. (8).
The physical meaning and the use of the two-photon amplitude (8) is quite transparent.
One can set θs,i = 0 and study only the temporal, or longitudinal, correlation of the
biphoton. This is often done since such an approximation describes the most usual type of
experiments with SPDC, when the signal and idler modes are selected by a set of narrow
pinholes. On the other hand, one could collect the biphoton light from a broad range of
angles, but through a pair of very narrow band-pass optical lters. This case corresponds
to the limit ω = 0 which gives the angular, or transverse, part of the biphoton amplitude,
which we need to nd.
As it has been shown in Ref. [?], Fx reflects the properties of the pump angular spectrum
and the transverse inhomogeneities of the crystal; it has a Gaussian shape for a Gaussian
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shaped pump. Fz depends on the polarization and wavelength dispersion properties of the
nonlinear crystal. The analysis for a monochromatic Gaussian pump of the diameter a and
for a Type-I crystal of the length l yields simple expressions for Fx and Fz as functions of




































The wavelengths λs,i correspond to ks0 and ki0, and are related by the phase matching
conditions (9) to each other and to the angles θ.
It is of interest to point out that Fx is a function of the angular variation dierences,
while Fz is a function of their sum. Therefore (considering the opposite signs of θs and
θi ) Fx denes the range of angles over which both the signal and idler dier from the
exact phase-matching directions, while preserving the angle between them. The function
Fz denes the range of variation of the angle between the signal and idler. This is similar
to factorization of the temporal (longitudinal) part of the biphoton amplitude, which has
been shown to break up as a product of functions of the sum and dierence of two detection
times: u(t1 − t2) v(t1 + t2) [?]. In this case, v takes on the shape of the pump frequency
spectrum (and is similar to Fx in the present study) and u depends essentially on the




































Figure 3: The transverse part of the biphoton amplitude Fx(0, θs, θi) (on the left) and
Fz(0, θs, θi) (on the right). The signal and idler wavelengths are λs = 690 nm, λi = 715
nm.
The internal angles in Eq. (11) may be replaced by the external ones via the Snell’s
law. The results are shown in Fig.3 for the pair λs = 690 nm, λi = 715 nm. The product
of Fx(0, θs, θi) and Fz(0, θs, θi) gives F (0, θs, θi), whose absolute square can be
interpreted as a correlation function of the angular variations θs and θi. It turns out
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that the width of Fz strongly depends on the signal and idler wavelength variation from
degeneracy (when λs = λi), getting broader as these wavelengths approach the degenerate
values. Three examples of F 2(0, θs, θi) for dierent signal and idler wavelengths are























































Figure 4: The biphoton transverse correlation functions F 2(0, θs, θi). The signal and
idler wavelengths are close to degeneracy (on the left); λs = 690 nm, λi = 715 nm (in the
center); and λs = 650 nm, λi = 754 nm (on the right).
Understanding of the transverse correlation properties of biphotons allows for a more
thorough analysis of the biphoton up-conversion experiment. In particular, it allows us
to establish the required degree of precision in alignment of the crystals’ optical axes. To






where the derivative is calculated with respect to the angle α between the optical axis and
the pump beam. The function obtained from from substituting Eq. (12) into F 2(0, θs, θi)
represents the degree of overlap between the the down- and up-conversion phase matching
conditions for crystals whose optical axes are misaligned by α. In the following, we will
call it the overlap function. Curiously, this function is practically uniform throughout the
entire SPDC spectrum. Fig.5 shows two plots of this function: for degenerate, and for far
non-degenerate wavelengths, that look almost as a single line.
From Fig.5 we see that the crystals’ optical axes need to be aligned to about 0.2 which
is not hard to achieve. A bigger diculty arises from the nite length of the crystals. Even
though the parts of the down-converting crystal displaced from the 1:1 imaging plane still
do get imaged onto the up-converting crystal, the signal and idler rays now cross at the
angles dierent from their phase matching angles θs, θi. These angular errors can be found
from a simple geometrical considerations as functions of the linear displacement z from the
1:1 imaging plane. Substituting them into F 2(0, θs, θi) we nd the overlap function as a
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Figure 5: The overlap function vs. misalignment of optical axes of two crystals.
function of z for dierent parts of the SPDC spectrum. Integrating this function over z, we
nd the overall spectral overlap function. From Fig.6 we see that in case of a 5-mm BBO
crystal at collinear degenerate phase matching, only a relatively narrow wavelength range
can be eciently up-converted. As a result, the above estimate of 300 counts per second
is considerably reduced. These and other diculties have so far precluded a convincing
experimental demonstration of biphoton detection via optical up conversion, however we
plan to continue our work in this direction.



































Figure 6: Left: the overlap function vs. the displacement z from the imaging plane and
the wavelength. Right: the overlap function for a 5 mm crystal vs. the wavelength.
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4 Photo-electric processes in biphoton field
Another system interesting for the study of two-photon processes is a metal or semiconduc-
tor surface. If the red threshold of the external photo-electric eect in such a system cor-
responds to the total energy of the photon pair, one can expect a detectable photo-current
corresponding to two-photon processes in the near absence of single-photon photo-current.
The advantage of this system over the optical up-conversion is a much larger possible two-
photon response cross-section; the disadvantage is that, in practice, such systems are very
hard to characterize due to their complexity and a large number of simultaneously occurring
physical processes.
Two-photon response of the photo cathodes in photo-multiplier tubes (PMT) has been
studied for use in the characterization of temporal properties of ultrafast laser pulses in
which the peak intensity is extremely large [?,?]. Two-photon ionization may proceed by a
direct two-photon channel via a virtual level, or by an indirect (cascade) process in which
the electron may reside in an intermediate state, such as the conduction band or a deep trap,
for some period of time. In many cases it may be benecial to have an intermediate state
in single-photon resonance with the light, because it increases the two-photon absorption
rate. However, for the observation of two-photon light from SPDC, long-lived intermediate
states may lead to a signal from uncorrelated photons, which is undesirable. The purpose
of this work is to characterize a potential material for two-photon detection and to develop
an understanding of the relevant physics for optimizing a fast two-photon detector. We are
interested in observing the two-photon photo-electric eect from biphoton light, initiated
by quantum-correlated photon pairs, rather then by absorption of statistically independent
pairs of photons. For ecient discrimination between these two competing processes, we
need to make sure the longest lifetime of the intermediate states is not much longer than
the biphoton correlation time.
Figure 7: Illustration of the two-photon photo cathode experiment with biphoton light.
In our experiment, we image the biphoton source onto a Cs2Te photo cathode with
diraction-limited resolution, as illustrated in Fig.7. We use a PerkinElmer MH922P chan-
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nel photomultiplier detector in photon counting mode. This CPM has a Cs2Te cathode
which has a bandgap of 3.3 eV and electron anity of less than 0.5 eV [?]. The peak
quantum eciency, centered at 200 nm, is about 0.1. It falls o to approximately 10−3 at
our pump wavelength (351.1 nm Argon Ion laser line), and to 10−8 at 702 nm, the degener-
ate signal and idler wavelength. Therefore one might expect to see a two-photon response
from our SPDC biphoton source. If the short-wavelength part of the SPDC spectrum is
suppressed, the single-photon response is expected to be very small. In our experiment,
this part of the spectrum, along with the UV pump, was suppressed by narrow-band and
by low-pass optical lters down to the dark noise of the PMT, which was at the level of a
few counts per second. The PMT was moved in and out of the image plane. Although it
always collected the same amount of light on its photo cathode which, is 5 mm in diameter,
all of the photon pairs are expected to focus to diraction-limited spots only in the image
plane. Therefore, the two-photon photo-electric signal should have a peak in the image
plane. We have observed the expected behavior, see Fig.8. However, the origin of this peak
turns out not to be due to the predicted two-photon eect, as discussed below.
Figure 8: Two-photon PMT response to the biphoton SPDC light as a function of the
PMT position in Fig.7.
Repeating the same experiment for attenuated CW laser light, we see a similar peak.
Evidently, this peak arises from the fact that, in both the case of SPDC and the ordinary
laser, the illuminated spot is the smallest, and therefore the intensity is the highest, in the
image plane. Since the total light power is independent of the photo cathode position, we
obviously have some kind of a nonlinear (two-photon) process. This process, however, is
very slow, which corresponds to a very large longitudinal extent of the two-photon detection
volume. Physically, this most likely corresponds to a long lifetime of some intermediate
state. As a result, a tight temporal (longitudinal) correlation of the biphoton eld gives it
no advantage over the attenuated classical light that has photons with Poissonian statistics.
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Figure 9: Dependence of the two-photon counting rate (in counts per second) on the photo
cathode position with respect to the lens and on time.
Trying to determine the intermediate state lifetime, to characterize our prospective
two-photon detector, we found that its two-photon sensitivity itself depends on time. This
dependence is stronger for higher light intensities, that is, near the image plane. The
situation can be described as the two-photon self-sensitization, which is illustrated in Fig.9
for an attenuated diode laser at around 650 nm. From Fig.9 we can see that the sensitization
rate is higher for a higher intensity and that for the maximum light level we used (1.4 nW
focused in a spot of 35 µm in diameter) the two-photon sensitivity can be increased by more
than an order of magnitude over a period of time of about 100 seconds, at which point it
saturates. We have also observed qualitatively similar power-dependent sensitization eect
when keeping the illuminated area constant but changing the light power. However the
preference was given to the other method because of experimental convenience.
The photo-cathode remains saturated for some time after the light is turned o. Its
relaxation back to the initial unsaturated sensitivity, as a function of time, is shown in
Fig.10. To obtain this dependence, we have sensitized the photo cathode at the maximum
light level, and then let it sit in the dark, while periodically probing its response with
weak light pulses. This response has been normalized to the probe light photon flux to
yield directly the quantum eciency. We found that the resulting decay curve ts to a
bi-exponential function with decay constants of around 100 and 5 seconds, which may
indicate the presence of at least two intermediate states. The fact that optical processes at
room temperatures can be so slow is very surprising and suggests that we may be seeing
the ion transport processes as opposed to electron ones. Another possible explanation is
that the electrons undergo indirect single-photon transition into deep trapped states in the
bandgap. The nature of these states is unclear to us at this point. These could be surface
states as well as localized impurity states, or the states associated with structural defects.
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In support of the deep-state hypothesis, we should mention the experimental observations
of the photoconductivity dynamics in GaAs [?]. In this experiment, lling the deep traps
by the photo-activated electrons from a valence band results in a life-time increase of the
electrons in the conduction band. The activation and relaxation time scales in this process
are close to what we observe for Cs2Te.
Figure 10: Relaxation curve for a self-sensitized Cs2Te photo cathode.
5 Conclusions and perspectives
We have considered two types of two-photon processes that can be demonstrated with a
faint biphoton eld from SPDC and may in principle enable a fast two-photon detector:
a process of coherent frequency up-conversion in an optically nonlinear media, and a two-
photon photo-electric eect on a semiconductor photo-cathode. This is far from a complete
list of processes that can be studied in this context. As the most obvious examples of the
two-photon processes left beyond the scope of the present work, we would like to mention
the internal photo-electric eect in broad-bandgap semiconductors; ionization of gases and
especially of alkali gases [?,?]; and photo-chemical processes such as two-photon fluorescence
and polymerization, e.g. [?].
Internal two-photon photo-electric processes should be similar to the external ones with
the only dierence that for the former the excited photo electrons remain in the conduction
band and do not get emitted into vacuum. The internal processes can occur at much
further distances from the surface than the external ones. This may simplify description of
the internal processes by allowing one to neglect the eects of surface states and surface-
bound impurities. We plan on studying this eect and expect that understanding of the
mechanisms accompanying the external two-photon photo-electric eect will help.
Two-photon ionization of hydrogen-like gases is an example of a process that could
be described analytically. Its simplicity is very attractive for research, however extremely
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low detection cross section, resulting from a low concentration of atoms in a gas, presents
a serious experimental challenge in the case of a faint biphoton eld. In photo-chemical
fluorescence processes, on the other hand, the two-photon cross-section of an individual
molecule can be quite large (reaching 1, 250 10−50 cm4 s per photon [?]), while the con-
centration of molecules is also much larger than in gases. The two-photon polymerization
is a subject of a great interest, since this is the key to the quantum two-photon lithography.
While the two-photon polymerization of specially designed photoresists with strong laser
pulses has been successfully demonstrated by several groups, e.g. [?,?,?], the attempts to
reproduce the same eect with biphoton eld have not so far succeeded. While there are
still several questions concerned with the photoresists properties (such as the reciprocity
failure for long exposures, the role of thermal mechanisms, etc.) that need to be studied in
order to achieve the success, the present study helps to answer one of the key questions by
exploring the transverse correlation properties of the biphoton light. Specically, for any
particular imaging system, the transverse correlation function F (0, θs, θi) that we have
studied can be converted from the angular to linear variables F (0, ρs, ρi) which has a
direct relevance for calculating the two-photon exposure doses in quantum lithography.
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